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STYLISHGynoecium development is a complex process which is regulated by key factors that control the spatial
formation of the apical, medial and basal parts. SHATTERPROOF1 (SHP1) and SHP2, two closely related MADS-
box genes, redundantly control the differentiation of the dehiscence zone and promote the ligniﬁcation of
adjacent cells. Furthermore, SHP1 and SHP2 have shown to play an important role in ovule identity
determination. The present work identiﬁes a new function for these two genes in promoting stigma, style
and medial tissue development. This new role was discovered by combining the shp1 shp2 double mutant
with the aintegumenta (ant) and crabs claw (crc) mutants. In quadruple mutant ﬂowers, the inner whorl is
composed of unfused carpels which lack almost completely apical and medial tissues, a phenotype similar to
the previously reported ﬁl ant and lug ant double mutants.
© 2009 Elsevier Inc. All rights reserved.Introduction
The gynoecium is the female reproductive structure specialized for
seed production and dispersal. It is a highly complex organ, with
distinct apical–basal, medial–lateral and abaxial–adaxial pattern
elements. Most of our current knowledge on gynoecium development
comes from genetic and molecular research in the model species
Arabidopsis thaliana.
The Arabidopsis gynoecium develops from two congenitally fused
carpels that arise in the centre of the ﬂower (Smyth et al., 1990). At
maturity it consists of an apical stigma, a short style and a basal ovary.
The stigma is necessary for pollen capture and germination. The style
connects the stigma with the ovary and it harbors the transmitting
tract, a specialized tissue essential for pollen tube growth. The ovary,
divided into two compartments by the septum, contains the ovules
that, after fertilization, develop into seeds. The ovary walls are
composed of two valves that detach after seed maturation to promote
seed dispersal, a process known as dehiscence. The two valves are
connected on both sides by the replum. The dehiscence zone, a thin
region located between the replum and the valve tissues, plays a
crucial role in the opening of the siliques (Ferrandiz, 2002).).
eding, Carl von Linne Weg 10,
ll rights reserved.Gynoecium ontogenesis requires organ identity speciﬁcation
followed by the establishment of the three fundamental patterns:
the apical–basal, the adaxial–abaxial and themedial–lateral pattern. It
is therefore a complex process that relies upon the coordinated
activity of a large set of genes, most of which have been identiﬁed over
the last few years (reviewed by Balanza et al., 2006; Roeder and
Yanofsky, 2006; Østergaard, 2009). However, how these factors
interact to control gynoecium development is still not completely
understood.
AGAMOUS (AG) is the key gene controlling carpel identity since in
the ag mutant a new indeterminate ﬂower arises in place of the
gynoecium (Bowman et al., 1989). An AG-independent carpel identity
pathway has been identiﬁed by analyzing ectopic carpel development
in the ﬁrst whorl organs of the ag ap2 double mutant (Pinyopich et al.,
2003). The pivotal role in this pathway is played by the SHATTER-
PROOF1 (SHP1) and SHP2 MADS-box genes, two redundant genes
closely related to AG, primarily involved in specifying valve margin
identity (Liljegren et al., 2000).
Once that carpel identity has been speciﬁed, the genetic pathways
establishing the pattern of pistil development are activated (reviewed
by Balanza et al., 2006). The plant hormone auxin plays an essential
role in the apical–basal pattern deﬁnition. It has been proposed that
the polar auxin ﬂux establishes in the carpel a gradient of auxin
concentration that is then translated into regional boundaries. High
levels of auxin at the apex are proposed to promote stigma and style
development, moderate levels in medial regions promote ovary
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formation of the gynophore (Nemhauser et al., 2000). Once the auxin
gradient is established, the development of the different regions is
dependent on the action of regulatory genes (reviewed in Dinneny
and Yanofsky, 2005).
SHP1 and SHP2 redundantly control dehiscence zonedifferentiation,
therefore in the shp1 shp2 double mutant mature fruits do not open
(Liljegren et al., 2000). These genes are at the top of a cascade of
transcription factors, comprising INDEHISCENT (IND) and ALCATRAZ
(ALC) (Liljegren et al., 2004; Rajani and Sundaresan, 2001), that
specify valve margin identity. IND is responsible for establishing a
local auxin minimum by coordinating auxin efﬂux in the separation
layer cells which is required to specify the identity of these cells
(Sorefan et al., 2009).
Mutations in AINTEGUMENTA (ANT) give only minor defects in
carpel development. ant single mutant gynoecia generally have fewer
stigmatic papillae and a slight defect in apical fusion (Elliott et al.,
1996; Liu et al., 2000). However, AINTEGUMENTA (ANT), SEUSS (SEU),
LEUNIG (LUG) and FILAMENTOUS FLOWER (FIL) have overlapping and
partially redundant functions in the formation of marginal tissues
such as the replum, septum and the transmitting tract (Liu et al., 2000;
Nole-Wilson and Krizek, 2006; Franks et al., 2002; Sridhar et al., 2004;
Azhakanandam et al., 2008). For instance, in the lug ant double
mutant the ﬂower inner whorl consists of unfused valve-like
structures, with style cells at the tip, and the formation of the
placenta, ovules, septum and stigma is completely abolished (Liu
et al., 2000). Similar phenotypes have been described for the lug seu
(Franks et al., 2002), ant seu (Azhakanandam et al., 2008) and ﬁl ant
double mutants (Nole-Wilson and Krizek, 2006). ANT encodes a
transcription factor belonging to the AP2 family (Elliott et al., 1996),
FIL is a YABBY gene (Siegfried et al., 1999), whereas LUG and SEU
encode for transcriptional co-regulators that have been shown to
interact to form a transcriptional regulatory complex (Sridhar et al.,
2004). It has been proposed that these proteins form a multimeric
complex involved in supporting medial domain development (Nole-
Wilson and Krizek, 2006; Azhakanandam et al., 2008).
The pivotal role played by ANT in carpel development is also
highlighted by the recently described double mutant ant-4 ail6-2
(Krizek, 2009). In the mature mutant ﬂower, the inner whorl consists
of unfused valve-like structures that occasionally show on the
margins some stigmatic tissue.
Another gene important for carpel morphogenesis is CRABS
CLAW (CRC) (Alvarez and Smyth, 1999). The crc mutant gynoecium
is wider and shorter, it fails to fuse at the apex and a reduced
amount of style tissue is formed. CRC encodes a putative
transcription factor belonging to the YABBY family and is required
for nectary and carpel development (Alvarez and Smyth, 1999;
Bowman and Smyth, 1999). Moreover, it promotes abaxial cell fate
in carpels (Eshed et al., 1999).
Here we study the genetic interactions among CRC, ANT, SHP1 and
SHP2 which are known to play distinct roles during pistil develop-
ment. Interestingly, crc ant shp1 shp2 quadruple mutant ﬂowers have
a reduced number of organs and the carpels lack almost completely
the marginal tissues, suggesting a redundant function for CRC, ANT,
SHP1 and SHP2 in specifying these tissues. Therefore, our data add a
new function to the SHP genes; besides controlling carpel, ovule
(Pinyopich et al., 2003) and dehiscence zone identity (Liljegren et al.,
2000), they are also required for style and stigma formation.
Materials and methods
Plant material
Plants were grown at 21 °C under short-day (8 h light/16 h dark)
or long-day (16 h light/8 h dark) conditions. ant-4 (Baker et al., 1997)
and crc-1 (Alvarez and Smyth, 1999) mutant seeds were obtainedfrom the Nottingham Arabidopsis Stock Centre. The shp1 shp2 double
mutant was kindly provided by M. Yanofsky.
The ant shp1 shp2 triple mutant was obtained by pollinating the
shp1 shp2 double mutant with pollen from ant-4 homozygous plants.
The triple mutant was maintained by selﬁng ANT/ant shp1 shp2 plants
obtained in the F2 segregating population.
The crc ant shp1 shp2 quadruple mutant was obtained by
pollinating the crc-1 single mutant with pollen from ant shp1 shp2
homozygous plants. All the mutant combinations were analyzed in
the F3 and F4.
The SHP2::GUS, STY1PRO:GUS and NGA3PRO:GUS reporter lines
were kindly provided by Cristina Ferrándiz.
Mutant genotyping
Genotyping of shp1-1 and shp2-1 alleles has been described
previously (Brambilla et al., 2007). The ant-4 allele (Baker et al., 1997)
contains an A-to-T transversion at nucleotide 1342. The ant-4 allele
was identiﬁed by XmnI digestion of PCR products ampliﬁed with the
primers Atp 514 (5′-GGACTGGTAGATATGAAGCTCATCTA-3′) and Atp
515 (5′-GAATCCATGAAGATTGAAGTGAATACT-3′). Primer Atp 515
contains a mismatch (underlined A) that, together with the mutation,
produces a restriction site for XmnI.
The crc-1 allele contains a G to A transition in a splice acceptor site
(Bowman and Smyth, 1999). crc-1 alleles were identiﬁed by BanII
digestion of PCR products. Genomic DNA was ampliﬁed by PCR with
primers Atp 1877 (5′-ACTAAGCAGATGCAGAGCTTTGG-3′) and Atp
1764 (5′- TCCGGATTGGCACTTTTGATGCGTTGGATCTGAGCC-3′). The
PCR products were reampliﬁed with primers Atp 1764 and Atp 1716
(5′-GCATACAACCGCTTCATGTG -3′) and the ampliﬁed fragments were
digested with BanII. Primer Atp 1764 has been modiﬁed (underlined
G in the above sequence) in order to create a restriction site for BanII
in the wild-type allele.
Scanning electron microscopy
Samples were prepared and analyzed as described previously
(Favaro et al., 2003).
In situ hybridization
In situ hybridization with digoxigenin-labeled antisense RNA was
performed as previously described (Masiero et al., 2004). The
antisense CRC probe corresponds to nucleotides 444 to 878 (Brambilla
et al., 2007). For the HEC3 probe the complete cDNA sequence was
used (Gremski et al., 2007).
GUS expression analysis
Tissues were preﬁxed in 90% acetone at−20 °C for 1 h andwashed
three times for 5 min with 50 mM phosphate buffer (pH 7.0) before
incubation at 37 °C overnight in reaction buffer (1 mg ml−1 X-Gluc,
0.1% Triton X-100, 2 mM Fe2+CN, 2 mM Fe3+CN, 50 mM phosphate
buffer pH 7.0, 10mM EDTA). Tissues were cleared in 70% ethanol, then
mounted in chloral hydrate:glycerol:water solution (8:1:2) and
observed using a Zeiss Axiophot D1microscope underNomarski optics.
Results
The ant shp1 shp2 triple mutant resembles the crc mutant
In order to discover unknown genetic interactions among genes
controlling different pistil developmental patterns, we have combined
the ant-4 mutant with the shp1 shp2 double mutant. The ant-4 single
mutant has in respect to wild-type a shorter and narrower pistil and a
smaller stigma with fewer cells (Baker et al., 1997) (Fig. 1B).
Fig. 1. The gynoecium of the ant shp1 shp2 triple mutant. (A–D) Wild-type Col-0 (A), ant-4 (B) and ant shp1 shp2 (C, D) gynoecia. (B) The ant-4 mutant gynoecia show a smaller
stigma. (C) The ant shp1 shp2 gynoecia often fail to fuse at the apical region (D) but frequently they are split along the medial regions. (E–H) SEM images of pistils from wild-type
plants (E) and ant shp1 shp2 triple mutants (F–H). (F) The splitting of the triple mutant gynoecia is generally observed at one side, (G) less frequently at both sides. Stigmatic
papillae can sometimes be found outside the apical domain (G, asterisk). Ovules can arise along the unfused carpel margins (F, white arrow). (H) A close-up of the abaxial epidermal
surface of a triple mutant. Style-like cells (s), with the characteristic wax ridges (or crenulations) and interspersed with stomata, can be observed (white arrow). Scale bars: (E)
30 μm, (F–H) 50 μm.
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affected. However, besides being expressed in the valve margin
regions in accordance with their role as identity genes (Figs. 4C, D),
the SHP genes are initially broadly expressed in the developing
carpel primordium (Fig. 4A) with a maximum at the tip of the
growing gynoecial tube (Fig. 4B). Moreover, they are expressed in
the nectaries, ovules, septum and style (Fig. 4E) suggesting a
putative function for the SHP genes in these tissues, a role that
might be hidden by redundancy, as shown for their function in ovule
identity determination (Flanagan et al., 1996; Savidge et al., 1995;
Roeder et al., 2003; Pinyopich et al., 2003).
Analyzing the segregating F3 and F4 populations, we noticed that
the ant shp1 shp2 pistils frequently fail to fuse at the apical region
(Fig. 1C) and often also partially along themedial region (Fig. 1D). The
lack of carpel fusion is mostly observed at one side of the gynoecium
(Figs. 1D, F), however sometimes both sides do not fuse (Fig. 1G).
Although the stylar regions of ant shp1 shp2 triple mutant pistils canbe reduced in size, the style epidermal cells with their characteristic
crenulations clearly develop (Fig. 1H). Stigmatic papillae are also
present, although not necessarily at the apex of these organs (Fig. 1G).
Occasionally ovules that resemble those developing in the ant single
mutant arise along the unfused regions of the carpel margins (Fig. 1F).
Our data suggest that SHP and CRC genes might genetically
interact since the non-fused carpel phenotype observed in the ant
shp1 shp2 triple mutant is similar to the crc single mutant phenotype
(Alvarez and Smyth, 1999). Furthermore, in the ap2 ag background,
where carpelloid structures develop instead of sepals, the loss of CRC
activity removes the remaining carpelloid properties in the same way
as observed in the ap2 ag shp1 shp2 quadruple mutant (Alvarez and
Smyth, 1999; Pinyopich et al., 2003) indicating that both the SHP and
CRC genes have carpel identity determination properties. Based on
this observation, it has been suggested that SHP genes, placed at the
top of the carpel identity AG-independent pathway, might, directly or
indirectly, activate CRC (Lee et al., 2005; Balanza et al., 2006).
Fig. 2. In situ analysis on wild-type and ant shp1 shp2 triple mutant. (A–D) CRC expression analysis in wild-type (A–B) and in ant shp1 shp2 triple mutant carpels (C–D). (A)
Longitudinal section of a young wild-type ﬂower. CRC is strongly expressed in the abaxial sides of the gynoecium. (C) A similar expression pattern is present in a longitudinal
section of a young triple mutant ﬂower. (B, D) Transverse sections of wild-type (B) and triple mutant (D) gynoecia. In both cases, CRC is expressed in two distinct domains, the
epidermal domain, including the epidermis of the carpel, and the internal domain, including four spots near the placenta. (E, F) HEC3 expression analysis in longitudinal sections of
a wild-type (E) and an ant shp1 shp2 triple mutant carpel (F). The expression pattern is the same. HEC expression is ﬁrst detected during stage 8 of gynoecium development, in the
medial ridges of the septum and in the apical tips where the stigma will arise. Subsequently, expression is observed in the transmitting tract and developing stigmas. Scale bars:
(A–D) 50 μm, (E, F) 100 μm.
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CRC is expressed in the abaxial epidermis of the carpel, as well as in
internal domains where it forms four stripes of expression adjacent to
the cells thatwill form theplacenta (Fig. 2B).CRC expressiondisappears
soon after ovule primordia are formed (Bowman andSmyth, 1999).We
have performed in situ hybridization to investigate CRC expression
during pistil development in the ant shp1 shp2 triple mutant (Figs. 2C,
D). The expression in the triplemutant resulted to be similar to the CRC
expression in wild-type pistils (Figs. 2A, B) suggesting that SHP1, SHP2
and ANT do not control CRC expression. This also indicates that the
abaxial–adaxial polarity is maintained in the triple mutant.
To further conﬁrm that the development of stigma and septum
tissue is correctly maintained in the ant shp1 shp2 triple mutant, we
investigated HEC3 expression by in situ hybridization (Figs. 2E, F).
HEC3 together with the closely related HEC1 and HEC2 genes is
speciﬁcally expressed in the stigma and septum and important for the
development of these tissues (Gremski et al., 2007). In wild-type
carpels at stage 8 of gynoecium development, HEC3 expression is ﬁrst
observed in the medial ridges of the septum and in the apical tips
where the stigma will arise. Subsequently, expression is observed in
the transmitting tract and developing stigmas (Gremski et al., 2007)
(Fig. 2E). In situ analysis revealed that HEC3 expression in pistils of the
triple mutant (Fig. 2F) is similar to that of wild-type pistils. Therefore,
this expression analysis conﬁrms that in the ant shp1 shp2 triple
mutant all tissue types properly develop and polarity is maintained.
In the crc ant shp1 shp2 quadruple mutant pistil marginal and apical
tissue development is affected
Since CRC is normally expressed in the ant shp1 shp2 mutant and
because of the similarity in the failure of apical fusion in crc and ant
shp1 shp2mutants, a quadruple mutant was constructed crossing the
crc single mutant with the triple mutant. Because the frequency of a
quadruple mutant in the F2 population is low, we decided to analyze
F3 and F4 segregating populations.In the crc ant shp1 shp2 quadruple mutant, the ﬂowers have a
typical ant phenotype, with fewer and smaller organs (Fig. 3A).
Interestingly, the gynoecia of this quadruple mutant are in most cases
completely unfused, and they lack marginal tissues like the septum
and the stigma (Figs. 3B–D). Some style-like cells are found at the
tips of these valve-like organs (Fig. 3L). Sometimes a few structures
similar to ant ovules can be observed at the basal part of the mutant
carpel suggesting that here some placental tissue might be formed
(Figs. 3J, K). The valve tissue remains fairly normal (Fig. 3M). The
number of carpels present in the fourth whorl is sometimes
increased to three or four, with the extra carpels inserted medially
(Figs. 3C, D), a characteristic already reported for the crc single
mutant (Alvarez and Smyth, 1999). The defects in the development
of the gynoecium of the quadruple mutant are already visible from
early stages of development (Fig. 3N).
This pistil phenotype strongly resembles both the ﬁl ant and the
ant lug double mutants, although the other ﬂoral organs in the crc
ant shp1 shp2mutant develop as in the ant single mutant (Fig. 3A) and
do not show the defects observed in these double mutant ﬂowers (Liu
et al., 2000; Nole-Wilson and Krizek, 2006).
The crc ant double mutant shows a variable phenotype, ranging
from gynoecia slightly less fused at their apex (Eshed et al., 1999) to
gynoecia with a signiﬁcant reduced fusion of the carpels and the
development of stigma, style, septum and ovules clearly affected
(Figs. 3E, F). This phenotype is signiﬁcantly enhanced in the crc ant
shp1 shp2 quadruple mutant since the stigma is lost and marginal
tissues are almost completely absent (Figs. 3B–D).
In plants heterozygous for one of the four genes (for instance crc
ant shp1 SHP2/shp2, Fig. 3G) or in the crc shp1 shp2 (Figs. 3H, O) and
crc ant shp1 (Fig. 3I) triple mutants style and marginal tissues are
formed although their formation is signiﬁcantly compromised.
Therefore, these data suggest a redundant function for CRC, ANT,
SHP1 and SHP2 in the control of stigma, style and marginal tissue
development and the fusion of the carpels and identify a new role for
the SHP genes in carpel development.
Fig. 3. The phenotypes of the double, triple and quadruplemutant gynoecia. (A–D) The crc ant shp1 shp2 quadruplemutant. Theﬂowers of the quadruplemutant (A) present fewer and
smaller organs like in the ant singlemutant. (B–D) The carpels of the quadruplemutant do not fuse and develop separately as valve-like structures. Extra carpels can developmedially
(C, D). (E, F) crc ant gynoecia can show amild or a signiﬁcant reduction in carpel fusion andmarginal tissue development. Occasionally, more than two carpels can be present (F). In the
crc ant shp1 SHP2/shp2 (G), crc shp1 shp2 (H) and crc ant shp1 (I) mutants style andmarginal tissues are formed, even if reduced. (J–P) SEM images of pistils from the crc ant shp1 shp2
quadruplemutant (J–N), the crc shp1 shp2 triplemutant (O) andwild-type (P). (J) A crc ant shp1 shp2 quadruplemutantﬂowerwith the typical reduction in organ size and the unfused
gynoecium. (K) A close-up of the basal part of the gynoecium in panel J. Occasionally, ant-like ovules develop from themargin of the valve-like structures (asterisk). (L) The style-like
cells, with the characteristic crenulations and interspersed stomata, visible at the tip of the valve-like structures (asterisk). (M) A close-up of the abaxial epidermis of the carpel. Valve
cells similar to the wild-type (P) are visible. (N) A quadruple mutant developing gynoecial primordium. The two carpels arise partially unfused. Some sepal, petal and stamen
primordia have been removed to reveal the gynoecial primordium. (O) A close-up of the apical part of a crc shp1 shp2 triple mutant carpel that fails to fuse at the apex. Through the
opening, normal developing ovules can be seen. (P)Wild-type Landsberg erecta gynoecium showing the valve tissue, the style and the stigma. Scale bars: (J, K, O) 100 μm, (L–N) 20 μm,
(P) 30 μm.
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Fig. 4. Expression studies in wild-type (Col-0) and crc ant shp1 shp2 quadruple mutant ﬂowers. (A–E) SHP2::GUS expression pattern in wild-type. SHP1 and SHP2 have almost
identical expression patterns. (A) SHP2 is initially broadly and uniformly expressed throughout the developing gynoecium. (B) A stronger expression can be observed, from stage 7
till stage 12 of ﬂower development, at the tip of the growing gynoecium. (C) Later in development, GUS staining is detected in the valve margin regions, in the ovules and in the style.
(D) Expression of the SHP genes at the valve margins continues after fertilization. (E) GUS expression in the gynoecium apical part. (F–L) STY1PRO:GUS expression pattern in wild-
type (F–J) and in the crc ant shp1 shp2 quadruple mutant (K, L). (F) STY1 is expressed throughout the developing young ﬂower and in the arising gynoecial primordium. (G) As the
gynoecial tube grows taller, STY1 expression concentrates in the apical part. (H) STY1 can be detected only in the gynoecium apex. (I) STY1 expression is detected also in the
developing ovules. (J) STY1 is expressed in the apical part of the gynoecium and in the developing ovules. (K) GUS staining in the quadruple mutant developing ﬂower. STY1 is
expressed throughout the gynoecium primordium, with a maximum at its tip. (L) Later in development, STY1 is expressed in the apical part of the mutant gynoecium and in the few
arising ant-like ovules. (M–S) NGA3PRO:GUS expression pattern in wild-type (M–Q) and in the crc ant shp1 shp2 quadruple mutant (R, S). (M) NGA3 expression concentrates at the
tip of the growing gynoecial primordium. (N–P) GUS staining is detected only in the gynoecium apical region. (Q) NGA3 expression can also be observed in the nucellus of the
developing ovules. (R, S) Quadruple mutant ﬂowers showing GUS staining in the carpel apical parts and in the few arising ant-like ovules.
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quadruple mutant gynoecia
Since style development is affected in the quadruple mutant, we
crossed the STY1PRO:GUS and NGA3PRO:GUS reporter lines to the crc
ant shp1 shp2 quadruple mutant and we analyzed the reporter gene
expression in the segregating F2 population. STY1 and NGA3 are genes
known to be primarily involved in stigma and style development.
STYLISH1 (STY1) belongs to the SHI transcription factor family and,
redundantly with the other family members, promotes the formation
of stylar and stigmatic tissue during gynoecium development (Kuusk
et al., 2002, 2006). STY1 activates the expression of the auxin
biosynthetic gene YUCCA4 (YUC4) (Sohlberg et al., 2006). It has
therefore been suggested that the STY genes promote auxin
biosynthesis at the gynoecium apex via YUC4 activation and afterward
polar auxin transport establishes the hormone gradient throughout
the carpel.
In wild-type, STY1 expression is detected throughout the youngest
ﬂower primordium and in the newly arisen gynoecial primordium at
stage 6 of ﬂower development (Smyth et al., 1990) (Fig. 4F). Later, as
the gynoecial cylinder elongates, STY1 expression becomes restricted
to the apical part of the carpel, in the region that will give rise to the
stigma and style (Figs. 4G–I). Starting from stage 9, STY1PRO:GUS
staining is also detected in young ovules (Fig. 4I, J). In stage 11
gynoecia, STY1PRO:GUS staining accumulates in the style and stigma
(Fig. 4J).
Analysis of the F2 segregating population revealed no changes in
the STY1PRO:GUS expression pattern in single, double and triple
mutants (data not shown). Likewise, no changes were observed in the
quadruple mutant. Indeed STY1PRO:GUS activity is normally found in
the young ﬂowers and in the arising gynoecium primordium (Fig. 4K).
Later in development, the GUS staining concentrates in the apical
parts of the mutant gynoecium and in the few arising quadruple
mutant ovule primordia (Fig. 4L).
Recently, it was shown that the NGATHA (NGA) genes play a
redundant role in the development of the style (Alvarez et al., 2009;
Trigueros et al., 2009). In the quadruple ngamutant, style and stigma
do not develop. GUS expression analysis showed that YUC2 and YUC4
expression was absent or much reduced in the apical gynoecia of this
quadruple mutant (Trigueros et al., 2009). It has therefore been
suggested that NGA and STY genes act cooperatively in promoting
style development by promoting YUCCA-mediated auxin biosynthesis
in the gynoecium apical domain, which is further sustained by the fact
that NGA3 and STY1 share almost identical patterns of expression. In
developing ﬂowers, NGA3PRO:GUS activity is found at high levels in
young ﬂoral organ primordia (Trigueros et al., 2009). In the
developing gynoecium, after stage 9 and till anthesis, GUS staining
becomes restricted at the apical region of the gynoecium, in the style
and stigma region (Figs. 4M–P), and at the developing ovules, that
show a strong expression in the nucellus (Fig. 4Q). Analysis of the
reporter gene expression in the F2 segregating population revealed no
changes in single, double, triple mutants (data not shown) and in the
quadruple mutant. In crc ant shp1 shp2 plants, a strong GUS staining
can be seen in the young ﬂower primordia (data not shown). In later
stages of development, the GUS staining concentrates in the apical
part, in the regionwhere style and stigma normally would arise and in
the few arising quadruple mutant ovules (Figs. 4R, S).
These data therefore suggest that CRC, ANT, SHP1 and SHP2 do not
control STY1 or NGA3 expression.
Discussion
A new function for the SHP genes in gynoecium development
Our understanding of how individual tissues of the gynoecium
differentiate is still far from complete. Probably, a large set of genesinvolved in gynoecium ontogenesis remains to be identiﬁed, as
demonstrated by the recently described NGATHA genes (Alvarez et al.,
2009; Trigueros et al., 2009). Moreover, although work on carpel
development has largely focused on the analysis of individual genes
and mutants, it is now becoming increasingly clear that gynoecium
organogenesis relies upon strong functional connections among the
many identiﬁed pathways that control different aspects of carpel and
fruit development.
In order to identify new interactions among genes already known
to be involved in carpel development, we decided to cross the ant
mutant with the shp1 shp2 double mutant. Although the ant single
mutant gynoecia show a very weak phenotype, ANT plays a pivotal
role in carpel development, as demonstrated in the ant lug (Liu et al.,
2000), ﬁl ant (Nole-Wilson and Krizek, 2006) and ant-4 ail6-2 double
mutants (Krizek, 2009).
SHATTERPROOF1 (SHP1) and SHP2 redundantly control proper
development of the fruit valve margin, including differentiation of
dehiscence zone cells and ligniﬁcation of adjacent cells (Liljegren
et al., 2000). The shp1 shp2 double mutant fruit therefore does not
open at maturity. Expression analysis showed that the SHP genes are
expressed, in accordance with their role as valve margin identity
genes, in the valve margin regions before and after fertilization.
However, SHP genes expression can be detected uniformly through-
out the early developing gynoecium primordium, with a maximum in
the apical part, and also in the ovules, septum, nectaries and style
(Flanagan et al., 1996; Savidge et al., 1995; Roeder et al., 2003),
although no defect in any of these tissues is observed in the double
mutant. A possible explanation is that the role of the SHP genes in
these regions is concealed by redundancy with other factors as was
shown by Pinyopich et al. (2003) who demonstrated that SHP1 and
SHP2 act redundantly with SEEDSTICK (STK) in promoting ovule
identity. It is therefore possible that, as observed in the ovule, they
also play a role in the development of the apical part of the carpel.
We analyzed the segregating population derived from the cross
and we observed that in the ant shp1 shp2 triple mutant gynoecia
show frequently a fusion failure in the apical region that sometimes
can extend to the medial region. The phenotypic alterations observed
in the triple mutant gynoecia show that they do not lose the ability to
differentiate stigmatic papillae or stylar epidermal cells, but the area
in which these cell types are present can be reduced or incorrectly
positioned, possibly due to an abnormal growth pattern of the organ.
In situ hybridization experiments, done using CRC and HEC3 as probes,
conﬁrmed that in the ant shp1 shp2 triple mutant polarity is
maintained and carpel patterning is correctly established.
Since CRC expression does not seem to be regulated by SHP1, SHP2
or ANT, even if the triple mutant phenotype reminds of the crc single
mutant, we crossed the two mutants and we analyzed the resulting
segregating population. The crc ant shp1 shp2 quadruple mutant
ﬂowers have a peculiar phenotype: the inner whorl consists of almost
completely unfused valve-like structures with style cells at the tip and
an almost complete loss of marginal tissues, like septum, stigmatic
papillae and ovules. This pistil phenotype strongly resembles both the
ﬁl ant and the ant lug double mutants, although the other ﬂoral organs
in the quadruple mutant develop as in the ant single mutant (Fig. 3A)
and do not show the defects observed in these double mutant ﬂowers
(Liu et al., 2000; Nole-Wilson and Krizek, 2006).
The phenotype observed in the crc ant shp1 shp2 quadruple
mutant gynoecia is more severe in comparison with the different
mutant combinations coming from the segregating population. In all
the different double or triple mutants observed indeed the carpel can
be unfused, but only partially, and the marginal tissues can be
reduced, but never completely absent, suggesting a redundant
function for CRC, ANT, SHP1 and SHP2 in the control of stigma, style
and marginal tissue development (Fig. 5). This phenotype suggests
that there are still unidentiﬁed links between pathways that control
different aspects of carpel and fruit development.
Fig. 5. CRC, ANT, SHP1 and SHP2 redundantly promote the development of the marginal
tissues (medial tissues together with the apical style and stigma), as discussed in the
text. In particular, in the apical part of the gynoecium STY/SHI family members act
downstream of LEUNIG (LUG) to induce NGA gene activity. The SHP genes are expressed
under the control of the NGA genes and, redundantly with CRC and ANT, are involved in
stigma and style development.
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the crc ant shp1 shp2 quadruple mutant highlights a new role for the
SHP genes in promoting the formation of the stigma, style and
marginal tissues in the medial ridge during gynoecium development
(Fig. 5). Our results therefore add a new function to the existing list of
SHP gene actions, which shows that these MADS-box transcription
factors have been recruited during evolution for a variety of
regulatory pathways. These different functions might rely on different
MADS-box protein interactions and by that different target gene
recognition. It will be a challenge for the future to answer these more
mechanistic questions.
Different pathways converge to properly regulate SHP gene expression
The study that we present here adds the SHP genes as new players
in the complex pathway leading to stigma and style development
(Fig. 5). In order to understand the regulatory hierarchies or their
mechanisms of action, we examined the expression pattern of STY1
and NGA3, genes known to be involved in style development. STYL-
ISH1 (STY1), STY2 and the other members of the SHI transcription
factor family are expressed in the style of developing carpels and play
and important and redundant role in the differentiation of the apical
tissues of the gynoecium, acting downstream of the transcriptional
co-repressor LEUNIG (LUG) (Kuusk et al., 2002, 2006). The NGATHA
genes, recently identiﬁed (Alvarez et al., 2009; Trigueros et al., 2009),
act redundantly in stigma and style development. In the ngaquadruple mutant gynoecium, stigma and style are absent, replaced
by tissues with valve morphology, a phenotype that resembles the crc
ant shp1 shp2 quadruple mutant. It has been demonstrated that STY1
conditionally activates the NGA genes, which in turn promote the
expression of the other STY genes in a putative positive feedback loop
(Alvarez et al., 2009).
We introduced a STY1PRO:GUS (Kuusk et al., 2002) and a NGA3PRO:
GUS (Trigueros et al., 2009) reporter gene into the crc ant shp1 shp2
quadruple mutant background. In both cases, we found that the
expression pattern of the reporter gene in the quadruple mutant is
similar to the wild-type, indicating that STY1 and NGA3 are not
regulated by SHP1, SHP2, CRC or ANT, although from this analysis we
cannot exclude quantitative effects. Alvarez et al. (2009) examined
the effects of NGA gene activity on SHP1 expression. They found that
in the 35S:amiR-NGA164a gynoecia SHP1 is not expressed in the apical
part of the carpel. Moreover, when the NGA genes are overexpressed,
a concomitant SHP1 ectopic expression can be observed. These data,
in agreement with our results, suggest that NGA gene activity is
upstream of SHP1 style expression (Fig. 5).
The SHP genes seem to be regulated in the style region in a
completely different way compared to the valve margin region. It
therefore seems that several pathways converge to properly regulate
SHP genes expression in different carpel domains. For instance, it has
been demonstrated that the carpel-speciﬁc expression of the SHP
genes is dependent on AGAMOUS (AG) activity (Savidge et al., 1995).
Correct spatial and temporal regulation of valve margin formation is
crucial for successful seed dispersal. Expression of the SHP genes,
which play a pivotal role in differentiation of this tissue, is tightly
controlled (Dinneny et al., 2005; Alonso-Cantabrana et al., 2007). SHP
expression is restricted to the valve margin by the combined action of
FUL, acting in the valves (Ferrandiz et al., 2000), and RPL, acting in the
replum (Roeder et al., 2003). FILAMENTOUS FLOWER (FIL), YABBY3
(YAB3) and JAGGED (JAG) act redundantly to promote the expression
of FUL and SHP in the valve and valve margins, respectively. In the
replum, RPL blocks FIL/JAG activity, therefore preventing SHP
activation (Dinneny et al., 2005). In the style SHP genes expression
seems to be under the control of the NGA genes. Since NGA and STY
genes have similar expression pattern and function, it is possible that
a genetic relation exists also between the STY and the SHP genes, as
suggested by the similarity between the crc shp1 shp2 triple mutant
(Figs. 3H, O) and the sty1 crc double mutant (Kuusk et al., 2002).
Further experiments will be needed to understand if the SHP genes
can be directly regulated by the STY genes or, as suggested by Alvarez
et al. (2009), if STY1 activates the SHP genes through the NGA gene
pathway.
Acknowledgments
Monica Colombo is supported by the University of Milan. Scanning
electron microscopy analysis was performed at the C.I.M.A. (Centro
Interdipartimentale Microscopia Avanzata) with the help of Dr. Giulio
Melone. We thank S. Milani for helping with the GUS expression
analysis.
References
Alonso-Cantabrana, H., Ripoll, J.J., Ochando, I., Vera, A., Ferrandiz, C., Martinez-Laborda,
A., 2007. Common regulatory networks in leaf and fruit patterning revealed by
mutations in the Arabidopsis ASYMMETRIC LEAVES1 gene. Development 134,
2663–2671.
Alvarez, J., Smyth, D.R., 1999. CRABS CLAW and SPATULA, two Arabidopsis genes that
control carpel development in parallel with AGAMOUS. Development 126,
2377–2386.
Alvarez, J.P., Goldshmidt, A., Efroni, I., Bowman, J.L., Eshed, Y., 2009. The NGATHA distal
organ development genes are essential for style speciﬁcation in Arabidopsis. Plant
Cell 21, 1373–1393.
Azhakanandam, S., Nole-Wilson, S., Bao, F., Franks, R.G., 2008. SEUSS and AINTEGU-
MENTA mediate patterning and ovule initiation during gynoecium medial domain
development. Plant Physiol. 146, 1165–1181.
302 M. Colombo et al. / Developmental Biology 337 (2010) 294–302Baker, S.C., Robinson-Beers, K., Villanueva, J.M., Gaiser, J.C., Gasser, C.S., 1997.
Interactions among genes regulating ovule development in Arabidopsis thaliana.
Genetics 145, 1109–1124.
Balanza, V., Navarrete, M., Trigueros, M., Ferrandiz, C., 2006. Patterning the female side
of Arabidopsis: the importance of hormones. J. Exp. Bot. 57, 3457–3469.
Bowman, J.L., Smyth, D.R., 1999. CRABS CLAW, a gene that regulates carpel and nectary
development in Arabidopsis, encodes a novel protein with zinc ﬁnger and helix–
loop–helix domains. Development 126, 2387–2396.
Bowman, J.L., Smyth, D.R., Meyerowitz, E.M., 1989. Genes directing ﬂower development
in Arabidopsis. Plant Cell 1, 37–52.
Brambilla, V., Battaglia, R., Colombo, M., Masiero, S., Bencivenga, S., Kater, M.M.,
Colombo, L., 2007. Genetic and molecular interactions between BELL1 and
MADS box factors support ovule development in Arabidopsis. Plant Cell 19,
2544–2556.
Dinneny, J.R., Yanofsky, M.F., 2005. Drawing lines and borders: how the dehiscent fruit
of Arabidopsis is patterned. Bioessays 27, 42–49.
Dinneny, J.R., Weigel, D., Yanofsky, M.F., 2005. A genetic framework for fruit patterning
in Arabidopsis thaliana. Development 132, 4687–4696.
Elliott, R.C., Betzner, A.S., Huttner, E., Oakes, M.P., Tucker, W.Q., Gerentes, D., Perez, P.,
Smyth, D.R., 1996. AINTEGUMENTA, an APETALA2-like gene of Arabidopsis with
pleiotropic roles in ovule development and ﬂoral organ growth. Plant Cell 8,
155–168.
Eshed, Y., Baum, S.F., Bowman, J.L., 1999. Distinct mechanisms promote polarity
establishment in carpels of Arabidopsis. Cell 99, 199–209.
Favaro, R., Pinyopich, A., Battaglia, R., Kooiker, M., Borghi, L., Ditta, G., Yanofsky, M.F.,
Kater, M.M., Colombo, L., 2003. MADS-box protein complexes control carpel and
ovule development in Arabidopsis. Plant Cell 15, 2603–2611.
Ferrandiz, C., 2002. Regulation of fruit dehiscence in Arabidopsis. J. Exp. Bot. 53,
2031–2038.
Ferrandiz, C., Liljegren, S.J., Yanofsky, M.F., 2000. Negative regulation of the SHATTER-
PROOF genes by FRUITFULL during Arabidopsis fruit development. Science 289,
436–438.
Flanagan, C.A., Hu, Y., Ma, H., 1996. Speciﬁc expression of the AGL1 MADS-box gene
suggests regulatory functions in Arabidopsis gynoecium and ovule development.
Plant J. 10, 343–353.
Franks, R.G., Wang, C., Levin, J.Z., Liu, Z., 2002. SEUSS, a member of a novel family of
plant regulatory proteins, represses ﬂoral homeotic gene expression with LEUNIG.
Development 129, 253–263.
Gremski, K., Ditta, G., Yanofsky, M.F., 2007. The HECATE genes regulate female
reproductive tract development in Arabidopsis thaliana. Development 134,
3593–3601.
Krizek, B.A., 2009.. AINTEGUMENTA and AINTEGUMENTA-like 6 act redundantly to
regulate Arabidopsis ﬂoral growth and patterning. Plant Physiol. 150, 1916–1929.
Kuusk, S., Sohlberg, J.J., Long, J.A., Fridborg, I., Sundberg, E., 2002. STY1 and STY2
promote the formation of apical tissues during Arabidopsis gynoecium develop-
ment. Development 129, 4707–4717.
Kuusk, S., Sohlberg, J.J., Magnus Eklund, D., Sundberg, E., 2006. Functionally redundant
SHI family genes regulate Arabidopsis gynoecium development in a dose-
dependent manner. Plant J. 47, 99–111.Lee, J.Y., Baum, S.F., Alvarez, J., Patel, A., Chitwood, D.H., Bowman, J.L., 2005. Activation of
CRABS CLAW in the Nectaries and Carpels of Arabidopsis. Plant Cell 17, 25–36.
Liljegren, S.J., Ditta, G.S., Eshed, Y., Savidge, B., Bowman, J.L., Yanofsky, M.F., 2000.
SHATTERPROOFMADS-box genes control seed dispersal in Arabidopsis. Nature 404,
766–770.
Liljegren, S.J., Roeder, A.H., Kempin, S.A., Gremski, K., Ostergaard, L., Guimil, S., Reyes, D.K.,
Yanofsky, M.F., 2004. Control of fruit patterning in Arabidopsis by INDEHISCENT. Cell
116, 843–853.
Liu, Z., Franks, R.G., Klink, V.P., 2000. Regulation of gynoecium marginal tissue
formation by LEUNIG and AINTEGUMENTA. Plant Cell 12, 1879–1892.
Masiero, S., Li, M.A., Will, I., Hartmann, U., Saedler, H., Huijser, P., Schwarz-Sommer, Z.,
Sommer, H., 2004. INCOMPOSITA: a MADS-box gene controlling prophyll develop-
ment and ﬂoral meristem identity in Antirrhinum. Development 131, 5981–5990.
Nemhauser, J.L., Feldman, L.J., Zambryski, P.C., et al., 2000. Auxin and ETTIN in Arabi-
dopsis gynoecium morphogenesis. Development 127, 3877–3888.
Nole-Wilson, S., Krizek, B.A., 2006. AINTEGUMENTA contributes to organ polarity and
regulates growth of lateral organs in combination with YABBY genes. Plant Physiol.
141, 977–987.
Østergaard, L., 2009. Don't ‘leaf’ now. The making of a fruit. Curr. Opin. Plant Biol. 12,
36–41.
Pinyopich, A., Ditta, G.S., Savidge, B., Liljegren, S.J., Baumann, E., Wisman, E., Yanofsky,
M.F., 2003. Assessing the redundancy of MADS-box genes during carpel and ovule
development. Nature 424, 85–88.
Rajani, S., Sundaresan, V., 2001. The Arabidopsismyc/bHLH gene ALCATRAZ enables cell
separation in fruit dehiscence. Curr. Biol. 11, 1914–1922.
Roeder, A.H., Yanofsky, M., 2006. Fruit development in Arabidopsis. The Arabidopsis
Book 52, 1–50.
Roeder, A.H., Ferrandiz, C., Yanofsky, M.F., 2003. The role of the REPLUMLESS
homeodomain protein in patterning the Arabidopsis fruit. Curr. Biol. 13, 1630–1635.
Savidge, B., Rounsley, S.D., Yanofsky, M.F., 1995. Temporal relationship between the
transcription of two Arabidopsis MADS box genes and the ﬂoral organ identity
genes. Plant Cell 7, 721–733.
Siegfried, K.R., Eshed, Y., Baum, S.F., Otsuga, D., Drews, G.N., Bowman, J.L., 1999.
Members of the YABBY gene family specify abaxial cell fate in Arabidopsis.
Development 126, 4117–4128.
Smyth, D.R., Bowman, J.L., Meyerowitz, E.M., 1990. Early ﬂower development in
Arabidopsis. Plant Cell 2, 755–767.
Sohlberg, J.J., Myrenas, M., Kuusk, S., Lagercrantz, U., Kowalczyk, M., Sandberg, G.,
Sundberg, E., 2006. STY1 regulates auxin homeostasis and affects apical-basal
patterning of the Arabidopsis gynoecium. Plant J. 47, 112–123.
Sorefan, K., Girin, T., Liljegren, S.J., Ljung, K., Robles, P., Galvan-Ampudia, C.S., Offringa,
R., Friml, J., Yanofsky, M.F., Ostergaard, L., 2009. A regulated auxin minimum is
required for seed dispersal in Arabidopsis. Nature 459, 583–586.
Sridhar, V.V., Surendrarao, A., Gonzalez, D., Conlan, R.S., Liu, Z., 2004. Transcriptional
repression of target genes by LEUNIG and SEUSS, two interacting regulatory proteins
for Arabidopsis ﬂower development. Proc. Natl. Acad. Sci. U. S. A. 101, 11494–11499.
Trigueros, M., Navarrete-Gomez, M., Sato, S., Christensen, S.K., Pelaz, S., Weigel, D.,
Yanofsky, M.F., Ferrandiz, C., 2009. The NGATHA genes direct style development in
the Arabidopsis Gynoecium. Plant Cell 21, 1394–1409.
